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Abstract
We evaluate the implications of LHC and LEP/SLC measurements for the electro-weak couplings of the top
and bottom quarks. We derive global bounds on the Wilson coefficients of ten two-fermion operators in an
effective field theory description. The combination of hadron collider data with Z-pole measurements is found
to yield tight limits on the operator coefficients that modify the left-handed couplings of the bottom and top
quark to the Z boson. We also present projections for the high-luminosity phase of the LHC and for future
electron-positron colliders. The bounds on the operator coefficients are expected to improve substantially
during the remaining LHC programme, by factors of 1 to 5 if systematic uncertainties are scaled as statistical
ones. The operation of an e+e− collider at a center-of-mass energy above the top-quark pair production
threshold is expected to further improve the bounds by one to two orders of magnitude. The combination
of measurements in pp and e+e− collisions allows for a percent-level determination of the top-quark Yukawa
coupling, that is robust in a global fit.
Keywords: electro-weak interactions, third-generation quarks, effective field theory, HL-LHC,
electron-positron colliders
1. Introduction
With the discovery of the Higgs boson [1, 2] at
the LHC, the particle content of the Standard Model
(SM) is experimentally confirmed. Measurements are
performed in a very broad range of production pro-
cesses to characterize the interactions among all cur-
rently known particles. Precision measurements may
be affected by the presence of new particles or in-
teractions and thus provide an indirect probe of new
physics. While the SM seems to stand all tests so
far, experiments keep searching for subtle deviations
from its predictions.
In this paper, we study the electro-weak (EW) cou-
plings of the third-generation quarks which have par-
ticular relevance in many extensions of the SM. In
particular, the EW couplings of the top and bottom
quarks have an exquisite sensitivity to a broad class
of composite Higgs/extra dimension scenarios [3, 4].
As the top quark escaped scrutiny at the previ-
ous generation of electron-positron colliders, the LHC
measurements analyzed in this paper provide the first
constraints on its EW couplings. We include mea-
surements by ATLAS and CMS at a center-of-mass
energy of 13 TeV of the associated tt¯X production
rate (with X = γ,W,Z,H), the single top-quark pro-
duction cross section in the t-channel, Wt associated
production and tZq production as well as the W he-
licity fractions in top-quark decay.
As the left-handed top and bottom quarks are part
of the same doublet, their couplings are related [5, 6].
We include measurements in bottom-quark pair pro-
duction at LEP and SLC in the fit. The precise mea-
surements at the Z-pole of the ratio Rb and the b-
quark asymmetry parameter, Ab, which is extracted
from measurements of the left-right and forward-
backward asymmetries in bottom-quark pair produc-
tion, provide strong constraints.
An effective field theory (EFT) is employed to
parameterize the effects of new physics arising at
scales higher than that of the considered measure-
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ments. The ten CP-conserving operator coefficients
modifying tt¯Z, bb¯Z, tb¯W and tt¯H interactions are
simultaneously constrained in a global analysis of
LHC and LEP/SLC data. Our results apply to new-
physics models in which deviations to the measure-
ments considered are dominated by these ten param-
eters. Other contributions are sometimes already well
constrained. Those of four-fermion operators are no-
tably not tightly bound yet, but inclusion of the effect
of all dimension-six operators in a fully global analy-
sis is beyond the scope of this work.
The fitting code, publicly available [7], is imple-
mented in the HEPfit [8] package which uses a
Markov-Chain Monte-Carlo implementation based on
the Bayesian Analysis Tookit [9].
In the next decade the LHC program is expected
to sharpen the limits considerably. We define sev-
eral scenarios for the expected measurement preci-
sion after completing the LHC program, including the
high-luminosity phase (HL-LHC [10]). We also assess
the potential of a future e+e− collider (either linear
colliders, such as the International Linear Collider
ILC [11], the Compact Linear Collider CLIC [12], or
circular colliders such as FCCee [13] or CEPC [14]).
A Higgs factory operated at center-of-mass energy of
250 GeV will improve the constraints on the bottom-
quark operator coefficients [15] significantly. Opera-
tion above the top-quark pair production threshold is
part of the initial stage of the CLIC project [16] and
later stages of the ILC and FCCee. In this paper the
potential of operation at a center-of-mass energy of
500 GeV is studied, where very tight constraints on
the top-quark operators are expected [6, 17].
This study represents the most complete charac-
terization of the EW interactions of the bottom and
top quarks to date. Our fit yields more stringent
constraints than previous work [18–20]. We more-
over present the first comparison of the HL-LHC and
ILC [11] potential for precision measurements that
constrain the top and bottom-quark EW couplings.
This paper is organized as follows. The effective-
field-theory and fitting frameworks are presented in
section 2. The measurements at the LHC and
LEP/SLC that are included in the fit are introduced
in section 3. The results from the fit to existing data
are presented in section 4. Projections for the poten-
tial of the HL-LHC and the ILC are presented in sec-
tion 5. The results and prospects for the extraction
of the top-quark Yukawa coupling are discussed in
section 6. The findings are summarized in section 7.
2. Effective field theory and fit setup
This section presents the framework in which we
develop our fit to the data.
2.1. Effective field theory
We adopt an EFT approach to parameterize sys-
tematically the effects of physics beyond-the-SM
(BSM) at a high scale. The Wilson coefficients of
each higher-dimensional operator can be related to
the parameters of concrete BSM realizations with
a matching procedure (i.e. bounds on Wilson coef-
ficients are mapped onto the coupling and mass of
new heavy states). The EFT description preserves
the gauge symmetries of the SM and is a proper quan-
tum field theory. As such, the EFT predictions can
be improved systematically in a perturbative order-
by-order expansion.
The EFT expands the SM Lagrangian in terms of
a new physics scale Λ:
Leff = LSM + 1Λ2
∑
i
CiOi +O
(
Λ−4
)
. (1)
Operators of odd dimension violate baryon or lep-
ton numbers and are ignored. The interferences of
SM amplitudes with those involving an insertion of
dimension-six operators gives rise to the leading Λ−2
terms. We also include terms of order Λ−4 aris-
ing from the squares of amplitudes where dimension-
six operators are inserted once, or from the interfer-
ence of amplitudes featuring two dimension-six op-
erator insertions with SM ones. The contributions
of dimension-eight operators are not included, even
though they first arise at the same Λ−4 order.
The convergence of the EFT expansion hinges on
the smallness of Ci/Λ2. For typical choices of the
coefficient Ci ∼ 1 the new physics scale Λ has to ex-
ceed several TeV for the effective operator paradigm
to hold. Following the recommendation of the LHC
TOP Working Group [21], fits with and without Λ−4
contributions are compared to assess the convergence
of the expansion. A strong impact of the Λ−4 terms
on the fit results is an indication that one must care-
fully check the validity of the EFT expansion when
recasting the bounds on concrete SM extensions [22].
We therefore discuss their impact explicitly in sec-
tions 4 and 5.
2
2.2. Operator basis
The number of operators involved in the most gen-
eral EFT description is daunting even at the first or-
der of the expansion. We therefore isolate a smaller
subset that provides an adequate basis for a study
of BSM effects in the top and bottom-quark EW
couplings. This analysis is relevant for scenarios
where the dominant BSM effects in the measurements
considered appear in these operators. We focus on
the set of operators with leading contributions to
the available measurements, restricting the study to
dimension-six operators. We also limit the fit to two-
fermion operators, as a fully general treatment in-
cluding the four-fermion operators is impossible with
the current data set.1 Finally, we ignore the imagi-
nary part of the operator coefficients. These lead to
CP-violating interactions of the top quark and are ef-
ficiently constrained using dedicated analyses at col-
liders [23, 24] and low-energy probes [25].
O1ϕQ ≡ y
2
t
2 q¯γµq ϕ†i
←→
Dµϕ,
O3ϕQ ≡ y
2
t
2 q¯τ Iγµq ϕ†i
←→
D Iµ ϕ,
Oϕu ≡ y
2
t
2 u¯γµu ϕ†i
←→
Dµϕ,
Oϕd ≡ y
2
t
2 d¯γµd ϕ†i
←→
Dµϕ,
Oϕud ≡ y
2
t
2 u¯γµd ϕT iDµϕ,
OuW ≡ ytgW q¯τ Iσµνu ϕ∗W Iµν ,
OdW ≡ ytgW q¯τ Iσµνd ϕ∗W Iµν ,
OuB ≡ ytgY q¯σµνu ϕ∗Bµν ,
OdB ≡ ytgY q¯σµνd ϕ∗Bµν ,
Ouϕ ≡ q¯u ϕ∗ ϕ†ϕ,
Odϕ ≡ q¯d ϕ∗ ϕ†ϕ,
(2)
In the Warsaw basis [26] (see also Refs. [27,
28]), the two-fermion operators that affect top and
bottom-quark interactions with vector, tensor, or
scalar Lorentz structures are listed in Equation 2,
where we have defined q ≡ (uL, VCKMdL)T , u ≡ uR,
and d ≡ dR. The matrix VCKM is the Cabibbo-
Kobayashi-Maskawa [29, 30] matrix, while  ≡ ( 0−110)
acts on SU(2)L indices.
The first two operators modify the left-handed cou-
plings of the Z boson to down-type and up-type
quarks. At leading order, the effect on the left-
handed coupling of the top quark is proportional
1The reason for this omission is purely practical: the cur-
rent data offer insufficient constraints for a global fit includ-
ing these operator coefficients. We discuss the possibility of
extending the fit to CP-conserving four-fermion operators in
subsection 5.5.
to the difference of the Wilson coefficients, δgtL =
−(C1ϕQ − C3ϕQ)m2t /Λ2, that on the left-handed cou-
pling of the bottom quark depends on the sum:
δgbL = −(C1ϕQ + C3ϕQ)m2t /Λ2. The simultaneous fit
of the coefficients C1ϕQ and C3ϕQ is the main rationale
to combine the bottom and top-quark operators in
the fit.
Two further operators Oϕu and Oϕd modify the
right-handed couplings of the bottom and top quark
to the Z boson, respectively, δgtR = −Cϕum2t /Λ2 and
δgbR = −Cϕd m2t /Λ2.
The operators labeled OuW , OdW , OuB and OdB in
Equation 2 are EW dipole operators. The OuW and
OuB give rise to tensor couplings of the photon and Z
boson to the up-type quarks. Non-zero values of the
Wilson coefficients CuW and CuB induce an anoma-
lous dipole moment of the top quark. Similarly, the
operators OdW and OdB give rise to tensor couplings
of down-type quark to the photon and Z boson and
induce an anomalous dipole moment in the bottom
quark.
The O3ϕQ and OuW operators also modify the
charged-current interactions of the top quark with
a W boson and left-handed b-quark. The Oϕud and
OdW operators, give rise to interactions between the
top quark, the right-handed b-quark, and the W bo-
son.
Finally, the last two operators, Ouϕ and Odϕ, lead
to a shift in the Yukawa couplings of up-type and
down-type quarks. The operator Ouϕ affects several
observables included in the analysis. We discuss their
potential to constrain Cuϕ in section 6. A truly global
treatment of this operator must take advantage of the
measurements of the Higgs boson production and de-
cay rates. Such a combined fit of the top-quark, EW
and Higgs EFTs is beyond the scope of the current
work and is left for a future publication. The ob-
servables included in the analysis are not sensitive to
Odϕ, so this operator is ignored in the following.
We do not consider the chromo-magnetic dipole
operators of the form OuG ≡ ytgsq¯σµνuϕ∗Gµν and
OdG ≡ ytgsq¯σµνdϕ∗Gµν , or the four-fermion oper-
ators of the qq¯tt¯ type. The former and a certain
number of combinations of the later are better con-
strained by measurements of the pp → tt¯/bb¯ pro-
cesses not considered here. Top and bottom-quark
pair production may however not be able to tightly
constrain all the numerous qq¯tt¯ operators simultane-
ously. Their contributions to associated pp → tt¯X
production processes considered here could then be
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sizeable. Reciprocally, the measurement of associated
production processes could play an important role in
probing all combinations of qq¯tt¯ operator coefficients.
Again, since we do not include such operators in our
analysis, our results will apply to BSM scenarios in
which they induce subleading contributions.
In the context of the fit to top and bottom-quark
data we use the notation OtW , OtB and ObW , ObB
for the dipole operators. We will use the notation
Oϕt, Oϕb, and Oϕtb when referring to the operators
that modify the right-handed couplings of the top and
bottom quark and the notation Otϕ for the operator
that modifies the top-quark Yukawa coupling.
The Wilson coefficients are normalized to the TeV
scale.
The top-quark EFT conventions adopted here are
different from the standard established by the LHC
TOP Working Group in Ref. [21]. In Appendix B we
provide the conversion to these standards.
2.3. Fit setup
The dependence of the observables included in the
fit on the Wilson coefficients is calculated at leading
order with the Monte Carlo generator MG5_aMC@NLO
[31]. The TEFT_EW UFO model [32] is used for most
of the operators. Exceptions are Ctϕ for which the
dim6top UFO model [21] is used, and CbW and CbB
for which we use the SMEFTsim UFO model [33]. The
following values of the input parameters are used in
the calculation:
α = 1/127.9 ,
GF = 1.16637× 10−5 GeV−2 ,
mZ = 91.1876 GeV ,
mH = 125 GeV ,
mb = 0 GeV ,
mt = 172.5 GeV .
The dependence of observables on the Wilson co-
efficients admits the following expansion:
o = oSM +
1
Λ2
∑
i
Cioi+
1
Λ4
∑
j
∑
k
CjCkojk+O(Λ−4).
(3)
The leading EFT term proportional to Λ−2 reflects
the interference of SM amplitudes with those featur-
ing one dimension-six operator insertion. The terms
proportional to Λ−4 stem from the square of the am-
plitudes involving one insertion of dimension-six op-
erators, or from amplitudes involving two such inser-
tions in interference with SM ones. Terms of order
Λ−4 due to dimension-eight operators are ignored.
The parameterized relations between observables and
Wilson coefficients are given in Appendix A.
For several combinations of operators and observ-
ables the term proportional to Λ−2 in Equation 3 is
suppressed. The Λ−4 terms then plays an important
role and the EFT expansion is not valid in full gen-
erality.
A well-known example is the dependence of the as-
sociated production processes pp → tt¯X on the top-
quark dipole operators. The σµνqν structure involves
the momentum of the Z boson or photon, which leads
to a suppression because the radiated Z boson or pho-
ton tends to be soft [32]. In this case, other processes
can be found, where the Λ−2 term dominates the sen-
sitivity: the inclusion of charged-current interactions
and e+e− → t t¯ production restores the validity of the
fit for CtW and CtB.
Several operators affecting the bottom-quark EW
couplings lead to amplitudes whose interferences with
SM ones are suppressed by the small bottom-quark
mass. The ObW and Oϕtb operators induce a tb¯W
interaction involving a right-handed bottom quark.
The ObB operator also generate a chirality flipping
bb¯Z dipolar interactions. The interferences of the am-
plitudes they generate with SM ones thus vanish in
the mb → 0 approximation adopted in this paper.
For these operators, a strong dependence of the fit
results on the Λ−4 terms remains even after the ILC
programme.
2.4. Implementation of the fit
The fit to data is performed using the open source
HEPfit package [34, 35]. HEPfit is a general tool
designed to combine direct and indirect constraints,
in EFTs or particular SM extensions. Its flexibility
allows to easily implement any BSM model or ob-
servable. HEPfit is available under the GNU Gen-
eral Public License. The developers’ version can be
downloaded at [7].
The fit is performed as a Bayesian statistical anal-
ysis of the model. HEPfit includes a Markov-
Chain Monte-Carlo implementation provided by the
Bayesian Analysis Toolkit [9] to explore the parame-
ter space. Similar fits using the HEPfit package have
been performed for different models [36, 37] and for
effective field theories [38, 39].
The results in this paper were verified with an inde-
pendent fitting code based on the Minuit minimiza-
tion package in ROOT [40]. The results for individual
4
limits agree to 1%. For the comparison of the global
limits we perform an ad-hoc fit in which we reduce the
number of parameters and observables. In this case
the results agree to 10%. In general we find HEPfit is
more robust when dealing with several local minima,
so all final results are obtained using HEPfit.
The fit is based on the Bayesian approach of statis-
tics and the interpretation differs slightly from the
frequentist interpretation. The fit results are given
as intervals on the operator coefficients with a given
posterior probability, typically 68%.
3. Measurements
The measurements that form the input to the fit
are presented in this section.
3.1. Top-quark neutral-current interactions
• pp→ tt¯h production. The production of a Higgs
boson in association with a top-quark pair was
observed by ATLAS and CMS in 2018 [41, 42].
The production rate is sensitive to the coefficient
Ctϕ of the operator that shifts the value of the
top-quark Yukawa coupling.
• pp → tt¯Z/W production. The associated pro-
duction of top quarks with a Z boson gives ac-
cess to all operators that modify the coupling of
the top quark with neutral EW gauge bosons
and is therefore a key channel in a combined
fit [32]. The ATLAS and CMS measurements of
the inclusive cross section using 36 fb−1 of data
at 13 TeV have reached a precision of approxi-
mately 15-20% [43, 44]. The results on pp→ tt¯W
production are also included in the fit. A recent
preliminary result [45], with an integrated lumi-
nosity of 78 fb−1 and a relative uncertainty of
less than 10%, is not included.
• pp → tt¯γ production. The rate of the pp → tt¯γ
process depends on the CtW and CtB coefficients
of EW dipole operators. ATLAS has published
a measurement of the pp → tt¯γ fiducial cross-
section [46] at
√
s = 13 TeV.
• Single top-quark production in association with
a Z boson has been observed by ATLAS and
CMS. For the pp → tZq process the first cross-
section measurements have reached a precision
of approximately 15-35% [47, 48].
• pp → γ∗/Z∗ → tt¯ production. The neutral-
current pair production process qq¯ → Z/γ → tt¯
is overwhelmed by the QCD process and has not
been isolated. This contribution to the inclusive
pp→ tt¯ process leads to a dependence of the rate
on the EW operators considered, but in practice
this contribution can be ignored.
3.2. Top-quark charged-current interactions
• Top-quark decay, t → Wb. The charged-current
tb¯W vertex is accessible at hadron colliders in
top-quark decay. The t → Wb decay has a
branching ratio of nearly 100%. The helicity
fractions of the W boson produced in top-quark
decay can be predicted to excellent precision [49].
The measurements by ATLAS and CMS [50–53]
at
√
s = 7 and 8 TeV reach a precision of several
percent. The combination of precise predictions
and measurements converts these measurements
in true hadron collider precision measurements
and in sensitive probes to new physics affecting
the tb¯W vertex [23]. We include the 8 TeV mea-
surements of FL and F0, that yield a tight limit
on CtW .
• Single-top-quark production. A second handle
on the tb¯W vertex is found in charged-current
single top-quark production. The t-channel pro-
cess has a sizeable cross section, which has been
measured to better than 10% precision [54, 55]
at
√
s = 13 TeV. ATLAS and CMS have also
published precise measurements of the rate for
the Wt associated production channel [56, 57].
• Top-quark decay in single top-quark production.
A measurement of theW -boson helicity in a sam-
ple of polarized top quarks yields further lim-
its on anomalous top-quark couplings [58–60].
These are however not considered here, as they
are primarily competitive for the (CP-violating)
imaginary parts of the operator coefficients that
we do not include in our study.
3.3. Measurements in bottom-quark production
• e+e− → b b¯ production. The LEP and SLC mea-
surements of bottom-quark pair production pro-
vide a powerful, complementary handle on the
operator coefficients C1ϕQ and C3ϕQ. Combin-
ing measurements of bottom-quark production
at LEP/SLC with measurements in top-quark
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production yield solid constraints on both op-
erator coefficients in a global fit [6]. We consider
the measurements of Rb and AbbFBLR at the Z
pole [61].
• pp → bb¯Z production. The associated produc-
tion processes pp → bb¯Z and pp → bb¯γ at the
Tevatron and LHC probe the bb¯Z and bb¯γ ver-
tices. The ATLAS and CMS experiments have
measured the cross section for the associated
production of a Z boson and at least one b-
quark [62, 63] in early LHC runs. The con-
straints derived from these measurements are not
currently competitive with the LEP and SLC
measurements. We therefore ignore them in the
following.
3.4. Summary of measurements
The selected measurements that are included in
our fit are summarized in Table 1. For all LHC ob-
servables, ATLAS and CMS measurements are avail-
able at
√
s = 13 TeV for an integrated luminosity
of 36 fb−1. As the measurements have not yet been
combined, and a proper correlation of uncertainties
requires harmonization of the definitions of the sys-
tematics, we include only one measurement for each
observable. We select the most precise measurement
among the 13 TeV measurements. The measurements
of the same quantities at 8 TeV are not included ex-
cept for the measurement of the W -boson helicity
fractions in top-quark decay, that is only available
at 8 TeV.
The LEP and SLC measurements of Rb and AbbFBLR
at the Z pole have been combined in the EW fit of
Ref. [61]. The fit correlates the measurements of sev-
eral quantities and reports a complete covariance ma-
trix.
Even with a single measurement for each observ-
able included in the fit, the systematic uncertain-
ties are expected to lead to correlations among the
measurements. Also the theory predictions are corre-
lated, through the parton density functions and the
similarity of the matrix elements of the several associ-
ated production processes. We have cross-checked the
effect of correlated systematics on the fit results ex-
plicitly. The full covariance matrix of the LEP/SLC
electro-weak fit is taken into account. These correla-
tions have a negligible effect on our results. Also the
introduction of an ad-hoc correlation of 50% between
the results for associated top-quark production has a
minor effect on the fit. We therefore expect that a
full treatment of all correlations, once the combina-
tions of ATLAS and CMS measurements are made
available, will lead to only a slight improvement of
the limits.
3.5. Sensitivity to operator coefficients
The set of measurements in Table 1 provides sen-
sitivity to all operators listed in section 2. Associ-
ated production of top quarks with a Z boson at the
LHC alone is sensitive to all five top-quark operators
in our basis. Associated production with a photon
gives access to the dipole operators CtB and CtW .
Charged-current processes, such as tt¯W production,
EW single top-quark production and top-quark decay
are sensitive to CtW , C3ϕQ, CbW and Cϕtb. Results on
e+e− → bb¯ production are sensitive to C1ϕQ and C3ϕQ
and the pure bottom-quark operators included in the
fit.
To explore the relative sensitivity of the existing
measurements, the results of single-parameter fits are
shown in Figure 1. For each of the operators, the
first column displays the individual limit on the Wil-
son coefficients of the complete data set presented in
Table 1. The second column shows the result of the
most constraining measurement. The third column
displays the second-best constraint.
For most operators, there is a strong hierarchy in
the sensitivity of the measurements. For a majority of
operator coefficients a single measurement drives the
individual sensitivity. Typically, the limit of the most
sensitive measurement is a factor 2-5 better than that
of the second-best measurement for most operators.
For C1ϕQ and C3ϕQ the precise LEP/SLC measurement
of Rb yields a constraint 30 times better than that of
the associated production processes at the LHC. For
CtB, the associated tt¯γ and tt¯Z production modes
provide similar sensitivity and the combined results
is significantly stronger than the limit derived from
a single observable. Also in the case of Cϕtb, the dif-
ferent single top-quark measurements provide similar
sensitivity.
A few observables are sensitive to a large number
of operators: the measurement of Rb at LEP yields
the best individual limits on five different operators.
The tt¯Z and tZq cross sections are also sensitive to
several operators: they score among the two most
sensitive measurements for six operators. The most
specific observables are the helicity fractions of W
boson in top-quark decay. They provide a stringent
6
Process observable
√
s
∫ L SM Ref.
pp→ tt¯H cross section 13 TeV 36 fb−1 - [41]
pp→ tt¯Z/W cross section 13 TeV 36 fb−1 [32] [43]
pp→ tt¯γ fid. x-sec. 13 TeV 36 fb−1 [32] [46]
single-top (t-ch) cross section 13 TeV 36 fb−1 - [54]
single-top (Wt) cross section 13 TeV 36 fb−1 - [56]
single-top (tZq) cross section 13 TeV 36 fb−1 - [64]
t→W+b F0, FL 8 TeV 20 fb−1 [49] [50]
e−e+ → bb¯ Rb , AbbFBLR ∼ 91 GeV 202.1 pb−1 - [61]
Table 1: Measurements included in the EFT fit of the top and bottom-quark EW sector. For each measurement, the process, the
measured observable, the center-of-mass energy and the integrated luminosity are listed. The last column lists the references for
the measurement that is included in the fit.
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Figure 1: Results of single-parameter individual fits to the Wilson coefficients of the dimension-six operators introduced in section 2.
For each operator the 1σ uncertainty is shown. The three bars respectively correspond to the result of the combined fit using all
data (red), to the constraint obtained from the most sensitive single measurement (light green), and to that of the second-best
measurement (greyish green).
limit on CtW and are not strongly affected by the
other operators.
4. Present constraints
The result of a fit to currently available data are
presented in this section.
4.1. Fit to LHC and LEP/SLC data
The main result of this paper is a ten-parameter fit
to the LHC and LEP/SLC measurements of Table 1.
The 68% probability bounds on ten Wilson coeffi-
cients are presented in Figure 2. Global or marginal-
ized limits are obtained when all coefficients are var-
ied simultaneously. These are shown as blue con-
tinuous lines. The individual limits from a single-
parameter fit are presented as red dashed lines. The
global limits are also given in Table 2.
Generally, the fit yields good results even when all
operator coefficients are varied simultaneously. The
individual limit on CtW /Λ2 is very tight and the con-
straints remains very strong in the ten-parameter fit.
Several observables also have similar sensitivity to
CtB/Λ2 and Cϕt/Λ2. The global limits are therefore
not degraded too much compared to the individual
limits.
For the operators that affect bottom-quark produc-
tion in e+e− collisions, the individual limits from the
Z-pole measurements are very tight. To disentangle
the contributions of different operators, the fit must
use several observables. Given the large hierarchy in
sensitivities observed in Figure 1, the global limits are
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Figure 2: The 68% C.L. limits (upper panel) and correlation
matrix (lower panel) for the Wilson coefficients of the ten ef-
fective operators that modify the EW couplings of top and
bottom quarks derived from a fit of the data included in Ta-
ble 1. The correlation matrix in HEPfit is calculated following
Ref. [9]. Detailed information about the correlation between
the parameters and the complete covariance matrix of the fit
are given in Appendix C.1. Global (marginalized) limits ob-
tained in the fit are shown as blue bars, the individual limits
from single-parameter fit in red. The (local) minimum of the
χ2 are shown as triangles.
typically much weaker than the individual ones. Even
so, tight constraints of order 1 TeV−2 are obtained for
C1ϕQ/Λ2 and C3ϕQ/Λ2 and Cϕb/Λ2.
Comparing these limits to those obtained by other
groups, we find that our fit yields better results. In
particular, the inclusion of the Z-pole data leads
to considerably tighter limits on C3ϕQ, compared to
Ref. [20].
4.2. Impact of Λ−4 terms
The results of the nominal fit are based on a pa-
rameterization according to Equation 3, that includes
Λ−2 and Λ−4 terms. The fit finds multiple allowed
Λ−2 and Λ−4 terms Λ−2 term only
Cϕt/Λ2 (−16,−2.4) (−2.1,+4.5)
C3ϕQ/Λ2 (−1.9,−0.4) (−0.7,+0.5)
C1ϕQ/Λ2 (−1,+1.7) (−0.6,+0.7)
CtW /Λ2 (−0.4,+0.2) (−0.42,+0.24)
CtB/Λ2 (−6.8,+5.6) (−9.6,+38.4)
Ctϕ/Λ2 (−4.6,−0.4) (−4.42, 0)
Cϕb/Λ2 (−5.4,+0.2) (−0.6,+0.2)
CbW /Λ2 (−2.6,+2.1) —
CbB/Λ2 (−31.2,+2.4), (+14.4,+18) —
Cϕtb/Λ2 (−5.2, 5.6) —
Table 2: The 68% probability intervals on the dimension-six op-
erator coefficients in units of TeV−2. These results are obtained
with a fit to LHC and LEP/SLC data for two parameterizations
of the dependence of the observables on dimension-six operator
coefficients. The first column lists the results from the fit based
on the nominal parameterization, which includes terms propor-
tional to Λ−2 and Λ−4 terms. The second column is obtained
with a fit based on a parameterization that only includes Λ−2
terms. The coefficient Ctϕ is marginalized over in the fit, but
discussed separately in section 6.
regions for several operator coefficients. These local
minima are a result of the Λ−4 terms in the param-
eterization. Two regions, roughly equidistant from
the SM prediction, are found for CbW /Λ2, CbB/Λ2
and Cϕtb/Λ2.
In Table 2 the nominal results are compared to a
fit based on a parameterization that includes only the
Λ−2 terms.
For several operator coefficients the inclusion of
Λ−4 terms is expected to have profound impact on
the result. In the dependence of the tt¯X on CtB, the
Λ−2 term is suppressed, and the Λ−4 terms dominate
the sensitivity when limits are saturated. The bound
on CtB is therefore severely degraded when the Λ−4
terms are dropped. This is not the case for CtW , for
which the bound is dominated by the measurements
of the helicity fractions in top-quark decay and of the
single top-quark production cross section.
For the bottom-quark dipole operators CbW , CbB
as well as for Cϕtb, the interferences with SM am-
plitudes vanish in the mb = 0 approximation. The
fit based only on Λ−2 terms can therefore not bound
these operators.
The correlations between the different operator co-
efficients propagate the effect of the Λ−4 terms to
other operators. If the fit is repeated excluding ObW ,
ObB and Oϕtb the results obtained with the two pa-
rameterizations are very similar for all operators ex-
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cept OtB and Oϕt.
The importance of Λ−4 terms indicates that the va-
lidity of the EFT expansion should be carefully veri-
fied. When recasting these results in a concrete BSM
scenario, one must verify that the dimension-eight
operators that are ignored here are subdominant in
comparison with dimension-six ones.
5. Future collider prospects
This section presents the prospects to improve the
precision of the determination of top and bottom-
quark EW couplings during the high-luminosity
phase of the LHC or at a future electron-positron
collider.
5.1. High-luminosity phase of the LHC
At the time of writing ATLAS and CMS have col-
lected approximately 140 fb−1 of pp collisions at a
center-of-mass energy of 13 TeV in Run 2. After a
long shutdown (LS2), LHC Run 3 is expected to de-
liver a total of 300 fb−1 per experiment at the nominal
energy (
√
s = 14 TeV). Between 2023 and 2026, an
upgrade of the LHC accelerator complex [10] and de-
tectors will allow operation at five to seven times the
nominal LHC luminosity. The HL-LHC phase will
bring the total integrated luminosity to 3 ab−1 by
2037.
The expected precision for SM measurements af-
ter the full 3 ab−1 is presented in a series of Yellow
Reports. The chapter on top-quark physics [65] does
not provide a quantitative basis for all measurements
included in our study. We therefore adopt two sim-
ple scenarios to project existing measurements, that
are loosely inspired by the scenarios prepared for the
Higgs chapter of the HL-LHC Yellow Report [66].
The “S1” scenario envisages that the statistical un-
certainty scales with the inverse square root of the in-
tegrated luminosity. The systematic uncertainties, in
measurements and predictions, do not change. The
“S2” scenario envisages an improvement of a factor
two for the theory uncertainty, while the statistical
uncertainty and the experimental systematic uncer-
tainty scale with the inverse square root of the in-
tegrated luminosity. For the measurements included
in the fit, this scenario thus implies a reduction of
the experimental uncertainty by a factor 6-10. At
that point, the comparison with the SM is generally
limited by the theory uncertainty, that has the more
modest improvement.
It is instructive to compare the S2 scenario to more
detailed projections. ATLAS and CMS have pro-
vided detailed prospect studies for some analyses [67].
Other groups have published independent prospect
studies, see in particular Ref. [68] for tt¯Z production
and Ref. [23] for top-quark decay.
The production of a top-quark pair in association
with a gauge boson plays an important role in the fit.
In the ATLAS and CMS measurements we consider,
the theory uncertainty (typically of the order of 10%)
is similar in size to the experimental uncertainty. In
the S2 scenario, the experimental uncertainties are
improved very substantially. The theory uncertain-
ties are then expected to be limiting by the end of
the HL-LHC. This indeed seems the most likely sce-
nario. The factor two improvement in the theory un-
certainty envisaged in the S2 scenario could well be
achieved by improving the description from the cur-
rent NLO to NNLO in QCD, which seems feasible on
the time scale of the HL-LHC programme.
A promising avenue for many of the associated pro-
duction processes is a differential analysis. In the cur-
rent data set, the precision is still very limited for rare
processes. However, with a hundred-fold increase in
the data sample, differential analyses at the HL-LHC
are expected to provide powerful constraints [68, 69].
This is particularly relevant for the dipole operators.
In Figure 3, the sensitivity of the differential pp→ tt¯γ
cross section is seen to increase strongly with the
transverse momentum of the photon pT. A shape
analysis of the spectrum may yield a powerful con-
straint, possibly even exceeding the prospects of the
S2 scenario.
The case of theW -boson helicity fraction measure-
ment in top-quark decays is an example where the
S2 scenario is probably overly optimistic. The the-
ory uncertainty is currently significantly below the
experimental precision, so that it does not limit the
precision for this projection. The strong improvement
in the precision envisaged by the S2 scenario is op-
timistic in comparison with the outlook in Ref. [23].
In practice, the impact on the overall prospects is
limited. The measurements in top-quark decay are
most relevant for the constraint on CtW /Λ2, that is
sensitive to several other measurements. In case the
measurements in top-quark decay should fail to im-
prove as expected in S2, other measurements (such as
single top-quark production with a Z boson) can take
over its role in the global fit. We expect, therefore,
that the overall results presented in this section are
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Figure 3: The sensitivity of the differential pp → tt¯γ cross
section to the operator coefficient CtB/Λ2. The sensitivity is
defined as the relative change in the cross section due to a unit
change in CtB/Λ2.
not affected too much, even if the top-quark decay
measurements improve less than envisaged.
5.2. Future e+e− collider: ILC
At an electron-positron collider bottom and top-
quark pair production through the exchange of a pho-
ton or Z boson are among the dominant processes.
A future high-energy e+e− collider thus provides an
ideal laboratory to characterize the Z/γ bb¯ and Z/γ tt¯
vertices. Single top-quark production could also bring
valuable constraining power [70] but no quantitative
prospect is currently available. So we do not consider
this process.
The potential of the ILC for the measurement
of the EW couplings of the bottom quark is stud-
ied in detail in Refs. [15, 71]. These studies con-
sider measurements of the cross-section and forward-
backward asymmetry in the nominal ILC running sce-
nario [72], with an integrated luminosity of 2000 fb−1
at
√
s = 250 GeV. The electron and positron beams
are polarized, with a polarization of±80% and±30%,
respectively. The luminosity is divided equally among
the left-right and right-left configurations. The au-
thors perform a full-simulation study, including the
relevant SM backgrounds, and a realistic jet charge
identification strategy based on the use of Kaon and
vertex-charge tags. We adopt the uncertainty esti-
mates of Ref. [71], that include statistical and sys-
tematic uncertainties.
For the 500 GeV run a complete analysis does
not yet exist. We adopt the acceptance times effi-
ciency estimate of 25% based on full simulation by
the same authors. The statistical uncertainties for
the cross-section and forward-backward asymmetry
for the left-right and right-left beam polarizations at√
s = 500 GeV are estimated assuming a total inte-
grated luminosity of 4 ab−1.
To produce top-quark pairs, an e+e− collider must
be operated at a center-of-mass energy above twice
the top-quark mass. Runs above the pair-production
threshold are envisaged in the CLIC initial program
and in later stages of the ILC and FCCee. Beam po-
larization, foreseen in ILC and CLIC, allows to dis-
entangle the photon and Z-boson vertices [17]. In
a multi-parameter EFT fit, the initial-state polariza-
tion is helpful to simultaneously constrain the coeffi-
cients of OtB and OtW [6]. For the sake of brevity we
focus on the ILC scenario.2 We again consider the
nominal operating scenario [72], with an integrated
luminosity of 4 ab−1 at
√
s = 500 GeV with two dif-
ferent beam polarizations, P
(
e−, e+
)
= (−0.8,+0.3)
and P
(
e−, e+
)
= (+0.8,−0.3).
The projections for the e−e+ → t t¯ process are
based on the statistically optimal observables moti-
vated in Ref. [6]. These observables are optimized
to fully exploit the bW+b¯W− differential information
(in the narrow top-quark width approximation) and
extract the tightest constraints on parameters with
linear dependence. In our case, these optimal observ-
ables place bounds on subset of operators that af-
fect the top-quark EW couplings; Cϕt, C−ϕQ, CtW and
CtB. Ref. [6] demonstrates that at least two center-of-
mass energies are needed if one wants to constrain all
two-fermion and four-fermion operators coefficients
simultaneously. The experimental uncertainties are
studied in full simulation in Ref. [16, 17]. Statisti-
cal uncertainties are estimated including the relevant
branching ratios for the lepton+jets final state, the
effect of the luminosity spectrum and a tt¯ reconstruc-
tion efficiency of 50%. This yields an effective effi-
ciency of 10% that multiplies the e+e− → tt¯ cross-
section (see Ref. [6] for more details).
5.3. Global fit on prospects
In Figure 4, we present the global fit results for
the future collider scenarios introduced in the previ-
2The potential of the 500 GeV ILC and the initial stage at√
s = 380 GeV of the CLIC project [12, 16, 73] is found to
be very similar for the relevant two-fermion operators, when
rescaled by the appropriate integrated luminosity [4].
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Figure 4: Prospects for the precision of the Wilson coefficients in future high-luminosity operation of the LHC and at a high-
energy e+e− collider. Assumptions on the operating scenarios and details of the uncertainty estimates are given in text. The solid
section of the bars represents the individual constraints, where each parameter is fitted in isolation, the full length indicates the
marginalized constraint in a ten-parameter fit. The complete covariance matrices of the fits that are presented in this figure are
available in Appendix C.2.
ous sections. The complete covariance matrices for all
the fits are provided in Appendix C.2. In Figure 4 the
uncertainty ∆Ci on the operator coefficients is shown.
This uncertainty is estimated as half of the 68% prob-
ability interval. In order to compare all projects on an
equal footing, the central value of all measurements,
including the existing LHC and LEP/SLC results, is
set to the SM value. For each Wilson coefficient, the
first vertical bar represents the current data. In the
second and third bars, the measurements envisaged
in the S1 or S2 scenario for the HL-LHC are added.
The fourth bar includes the LEP/SLC data, the data
of the HL-LHC S2 scenario and the ILC run at
√
s =
250 GeV. The fifth bar adds also the 500 GeV run at
the ILC. A discusstion of the extraction of the top-
quark Yukawa coupling is postponed to section 6.
For the first HL-LHC scenario, S1, we find that,
due the conservative assumptions on systematic un-
certainties, the bounds on the Wilson coefficient im-
prove only marginally. In the S2 scenario, almost all
limits are considerably tighter. For the dipole opera-
tor OtB the constraint remains very poor due the lim-
ited sensitivity of the LHC observables. This could
be improved by the addition of the differential tt¯γ
measurement, as discussed in subsection 5.1.
The individual and marginalized limits for the op-
erators that affect only the top-quark sector are very
similar. Most operators are constrained from several
angles, by different LHC observables (see Figure 1).
This limits the correlation in the global fit. In the
bottom-quark sector, the sensitivity is dominated by
the Rb measurement, giving rise to a strong correla-
tion and considerably larger differences between indi-
vidual and marginalized limits.
Adding the e+e− → b b¯ data at √s = 250 GeV
provides an improvement for the pure bottom-quark
operators by an order of magnitude. The top-quark
operators improve somewhat as well, due to a reduc-
tion of the correlation with the bottom-quark opera-
tors.
Finally, we consider the ILC500 scenario. At this
energy, the sensitivity to the bottom-quark operators
is very similar to that at
√
s = 250 GeV. As the bb¯
production cross section decreases with the center-
of-mass energy, the addition of the 500 GeV data
does not provide an important improvement on the
bottom-quark coefficients limits.
On the contrary, the addition of the e+e− → t t¯
data leads to a very pronounced improvement of the
constraints on the top-quark operator coefficients, by
one or two orders of magnitude. The direct access to
the Z/γtt¯ vertex provides very tight constraints. Also
the bounds on C1ϕQ/Λ2 and C3ϕQ/Λ2 are expected to
improve by an order of magnitude. The combination
of high-precision constraints on the two linear combi-
nations (C1ϕQ + C3ϕQ, that affects bottom-quark pair
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production, and the difference, C1ϕQ − C3ϕQ, that af-
fects top-quark pair production) finally lift the degen-
eracy that affects the LHC/LEP/SLC fit of section 4.
5.4. Validity of the EFT framework
In subsection 4.2, the terms of order Λ−4 were
found to have a considerable impact on the fit to cur-
rent LHC and LEP/SLC data. This limits the gen-
erality of the interpretation to extensions of the SM
where the contribution of the dimension-eight terms
we have ignored is less important than that of the
dimension-six operators we have included. With the
increasing precision of the measurements at the LHC
and at future facilities, this tension in the EFT de-
scription is expected to decrease.
In the second HL-LHC scenario, S2, the difference
between the nominal fit and a fit based on a param-
eterization that only considers the Λ−2 terms is in-
deed reduced significantly. In fact, for most of the
observables the former gives better constraints (by a
factor 3 at most) due to the fact that the observables
depend on less parameters because of the vanishing
Λ−4 terms for CbW , CbB and Cϕtb in the mb → 0
limit. However, the Λ−4 term still plays an impor-
tant role for CtB due to the suppression of the linear
term explained in section 2.
The high-precision measurements in e+e− collisions
improve the bounds by at least an order of magnitude
and bring most operator coefficients safely into the
range where the EFT expansion is valid in full gener-
ality. The difference between the nominal fit and the
fit based on only Λ−2 terms is reduced to less than
20%.
5.5. Four-fermion operators of the form e+e−QQ¯
In this subsection, we discuss the perspective for
an extension of the fit to the complete set of CP-
conserving dimension-six operators that affect the
bottom and top-quark EW couplings.
The two-lepton-two-quark operators contributing
to e+e−t t¯ and e+e−b b¯ (as well as νe−tb¯) interactions
are the following:
O1lq ≡ 12 q¯γµq l¯γµl ,
O3lq ≡ 12 q¯τ Iγµq l¯τ Iγµl ,
Olu ≡ 12 u¯γµu l¯γµl ,
Old ≡ 12 d¯γµd l¯γµl ,
Oeq ≡ 12 q¯γµq e¯γµe,
Oeu ≡ 12 u¯γµu e¯γµe,
Oed ≡ 12 d¯γµd e¯γµe,
OTlequ ≡ q¯σµνu ¯lσµνe,
OSlequ ≡ q¯u  l¯ e,
Oledq ≡ d¯q l¯e,
(4)
where l ≡ (VPMNSνL, eL)T , e ≡ eR, and VPMNS is
the Pontecorvo-Maki-Nakagawa-Sakata [74–76] ma-
trix. We define O+lq = O1lq + O3lq which mediates bb¯
production and O−lq = O1lq − O3lq for tt¯ production in
e+e− collisions.
The first seven operators of Equation 4 have vector
Lorentz structures similar to SM gauge interactions.
Three further scalar and tensor operators, have non-
standard Lorentz structures and can effectively be
constrained with specialized observables [6] and runs
with left-left or right-right beam polarization [72]. In
the following, we therefore focus on the seven vector
operators.
The primary handle to constrain the two-fermion
and four-fermion operators in a global fit is the en-
ergy dependence. The sensitivity to four-fermion op-
erators grows very strongly with energy, while that
to the two-fermion operators is essentially flat.
At hadron colliders, the four-fermion operators of
e+e−t t¯ form can, at least in principle, be constrained
by a differential analysis of the cross section of the
pp → t t¯ e+e− process versus the invariant mass and
transverse momentum of the e+e− system [32]. The
fit can then disentangle the photon, Z-boson, and the
contact interaction contributions. No such analysis
has been made public, so far.
A future e+e− collider with multiple energy stages
is expected to provide a powerful bound on the four-
fermion operator coefficients. In Ref. [6], a ten-
parameter fit of the two-fermion and four-fermion op-
erator coefficients that affect the EW couplings of the
top quark is shown to provide stringent bounds when
at least two well-separated energy stages are avail-
able.
To estimate the effect of the inclusion of the four-
fermion operators, we extend the fit with seven ad-
ditional degrees of freedom. At the same time, the
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10-parameter fit 17-parameter fit
ILC250 + ILC500 + ILC1000
Cϕt/Λ2 0.01 0.09
C3ϕQ/Λ2 0.005 0.04
C1ϕQ/Λ2 0.005 0.04
CtW /Λ2 0.02 0.014
CtB/Λ2 0.02 0.015
Ctϕ/Λ2 0.54 0.54
Cϕb/Λ2 0.007 0.008
CbW /Λ2 0.09 0.17
CbB/Λ2 0.13 0.17
Cϕtb/Λ2 1.9 1.9
Ceu/Λ2 — 0.0006
Ced/Λ2 — 0.0005
Ceq/Λ2 — 0.0004
Clu/Λ2 — 0.0006
Cld/Λ2 — 0.0009
C−lq/Λ2 — 0.0006
C+lq/Λ2 — 0.0005
Table 3: The marginalized 68% probability bounds on the
dimension-six operator coefficients in units of TeV−2. The re-
sults in the first column are based on a ten-parameter fit on
pseudo-data from two ILC runs, with an integrated luminosity
of 2 ab−1 at 250 GeV and 4 ab−1 at
√
s = 500 GeV. These re-
sults are identical to those of the ILC500 entry in Figure 4. The
second column presents the results of the seventeen-parameter
fit. It includes an additional run, with an integrated luminos-
ity of 8 ab−1 at
√
s = 1 TeV and seven additional degrees
of freedom corresponding to two-lepton-two-third-generation-
quark operators.
prospects for measurements at
√
s = 1 TeV, with an
integrated luminosity of 8 ab−1, are added to the HL-
LHC+ILC250+ILC500 scenario. For the top-quark
operators we again adopt the projections of Ref. [6],
for bottom-quark operators, statistical uncertainties
on the cross-section and AFB are propagated, as-
suming a conservative acceptance times selection ef-
ficiency of 10%.
The results of this extended fit are shown in Ta-
ble 3. The marginalized 68% probability bounds are
compared to those obtained in the ten-parameter fit
(i.e. the results labeled ILC500 in Figure 4).
This seventeen-parameter fit yields excellent lim-
its on the four-fermion operators, below 10−3 TeV−2.
The bounds agree with those of Ref. [6] when the
larger integrated luminosity in the 1 TeV scenario is
accounted for.
The bounds on the dipole operators are similar to
those of the ten-parameter fit: the bounds on the co-
efficients CtW /Λ2 and CtB/Λ2 of the top-quark dipole
operators improve somewhat, as the sensitivity of the
optimal observables grows with increasing center-of-
mass energy. The bound on CbW /Λ2 derives from
cross-section and AFB in e+e− → b b¯ measurements.
It does therefore not improve at higher center-of-mass
energies and moreover suffers somewhat from the in-
troduction of additional e+e−b b¯ degrees of freedom.
The largest difference between the two fits is found
for the two-fermion operators that modify the left-
handed couplings of the top and bottom-quark to the
Z boson or the right-handed coupling of the top quark
to the Z boson. The presence of the four-fermion
operators degrades the excellent limits on Cϕt/Λ2 and
C1,3ϕQ/Λ2 by a factor eight.
We conclude, therefore, that a global EFT fit, in-
cluding all dimension-six operators that affect the
top and bottom-quark EW interactions, is feasible
provided data is collected at two sufficiently distinct
centre-of-mass energies above the top-quark pair pro-
duction threshold.
6. The top-quark Yukawa coupling
In this section, we extract the top-quark Yukawa
coupling from LHC data and the prospects for mea-
surements at the HL-LHC and ILC.
6.1. Indirect and direct bounds
The top-quark Yukawa coupling is one of the most
intriguing parameters in the SM. With a value close
to 1 it is the largest of all Yukawa couplings. New
physics scenarios such as two-Higgs-doublet models,
supersymmetric scenarios with small tan β, and com-
posite Higgs models [77] could lead to sizeable shifts
from the SM prediction. A precise and robust mea-
surement is therefore one of the main targets of high-
energy physics experiments in the next decades.
The measurements of the Higgs boson decays and
production rates other than tt¯H yield indirect con-
straints on the top-quark Yukawa coupling. A model-
dependent bound can be derived from the loop-
induced gg → H, H → Zγ and H → γγ rates. In
the SM, the top-quark loop is the dominant contri-
bution to these rates, but the effective couplings to
the photon and the gluon could also receive contri-
butions from new particles. In the κ fit framework
employed in early Higgs coupling fits, these BSM con-
tributions are assumed to be absent and the gg → H
and H → γγ rates yield a tight constraint on the
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factor κt = κc = κu that multiplies the Yukawa
couplings of the up-type quarks. The legacy result
of LHC Run 1 is κt = 1.40+0.24−0.21 [78]. Significantly
sharper results are available from Run 2 measure-
ments [79, 80]. These indirect bounds tend to weaken
considerably in a global fit.
An e+e− collider also offers several handles on the
top-quark Yukawa coupling. The same indirect meth-
ods are available at center-of-mass energies below
the tt¯H production threshold. In the κ framework
with κu = κc = κt, the precise determination of the
H → cc¯ decay rate yields a tight bound on that pa-
rameter. The Yukawa coupling can also be extracted
indirectly from the measurement of theHgg andHγγ
couplings, with 1% precision after 2 ab−1 at
√
s =
250 GeV [81]. A global effective field theory (EFT)
analysis of the indirect sensitivity of Higgs and di-
boson measurements to EW top-quark couplings, in-
cluding the top-quark Yukawa coupling, is performed
in Ref. [82]. It is found that differential measurements
are crucial to simultaneously disentangle all tree and
loop-level contributions.
Several attempts have been made to disentangle
the contributions of different operators that con-
tribute to the gg → H (and H → γγ) rates
(see Ref. [83] and references therein) with additional
probes, such as boosted Higgs+jet production, di-
Higgs boson production, off-shell Higgs production.
None of these seem sufficiently sensitive to lift the
degeneracy between the operator that modifies the
top-quark Yukawa coupling and operators represent-
ing Hgg (or Hγγ) contact interactions.
Therefore, we focus on the direct bound from tt¯H
production in this paper.
6.2. Associated tt¯H production at the LHC
The observation of the associated production pro-
cess of a top-quark pair with a Higgs boson [41] pro-
vides a direct demonstration of the interaction of the
Higgs boson with the top quark. The ratio µtt¯H of
the measured cross section and the SM prediction is
determined with a precision approaching 20%. With
an uncertainty of 8%, the NLO QCD prediction in
the SM is also relatively precise. The extraction of
the top-quark Yukawa coupling from the pp → tt¯H
rate could thus yield a competitive and robust result,
provided all other EFT contributions are sufficiently
well constrained.
The fit presented in section 4 includes the LHC
measurement of the pp → tt¯H production cross sec-
tion. A single-parameter fit yields an individual 68%
probability bound on the operator coefficient Ctϕ that
shifts the value of the top-quark Yukawa coupling:
Ctϕ/Λ2 ∈ [−4.4, 0]TeV−2 (individual).
Due to a small quadratic term in the dependence of
the tt¯H cross section on Ctϕ, the fit finds a second
minimum very far from the SM value. Here we only
treat the minimum which is closer to the SM value.
The bound becomes only slightly weaker in the ten-
parameter fit:
Ctϕ/Λ2 ∈ [−4.6, 0.1]TeV−2 (marginalized).
The individual and marginalized results are very close
to each other, an indication that the constraint from
the tt¯H rate is very robust against the effect of the op-
erators that modify top-quark EW couplings. The de-
pendence of pp→ tt¯H on other top-quark EW opera-
tors arises mainly from qq¯-initiated production which
is subdominant compared to the gg-initiated process.
The correlation of Ctϕ/Λ2 with CtW /Λ2, C3ϕQ/Λ2,
CtB/Λ2 and CbW /Λ2 is small, below 0.1%. We note,
however, that including four-fermion qq¯tt¯ operators
can have a significant impact on the extraction of the
top-quark Yukawa coupling from pp→ tt¯H measure-
ment.
6.3. HL-LHC prospects
The fit is repeated on projections to assess the
expected precision after the complete data set col-
lected during the high-luminosity phase of the LHC.
As before, we focus on the S2 scenario, based on an
integrated luminosity of 3 ab−1 at
√
s = 14 TeV.
In this scenario, the statistical uncertainty on the
tt¯H cross section becomes negligible and the preci-
sion is primarily limited by the precision of the the-
ory prediction (currently 8% and assumed to improve
to 4%). The precision of the global fit improves
considerably, reducing the 68% probability interval
to [−0.55,+0.55]. This result agrees with the S2
prospects in Ref. [66].
6.4. ILC prospects
The direct measurement of the Yukawa coupling
in e+e− → tt¯H production requires operation at
a center-of-mass energy above the tt¯H production
threshold. The cross section turns on sharply at
around
√
s = 500 GeV. The unpolarized cross sec-
tion reaches a maximum of 2 fb at a center-of-mass
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energy of approximately 800 GeV. The tt¯H produc-
tion rate is two orders of magnitude lower than that
for top-quark pair production rate, which forms the
most important background for the H → bb¯ analysis.
The cross section of the irreducible tt¯bb¯ background,
either from associated tt¯Z production or a hard gluon
splitting to a bb¯ pair, is similar to that of the signal.
Full-simulation studies of the potential of the linear
collider [16, 84–87] have been performed at center-of-
mass energies from 500 GeV to several TeVs. They
include realistic descriptions of the tt¯ and tt¯Z back-
grounds, of the detector response, flavour tagging and
jet clustering.
Projections for the nominal ILC programme [72],
with 4 ab−1 of integrated luminosity collected at
500 GeV are presented in Ref. [88]. An uncertainty
of 13% is expected on the tt¯H cross section, lim-
ited by statistics. As the nominal ILC energy is very
close to the tt¯H production threshold, operation at a
slightly higher energy improves the precision consid-
erably. Increase of the center-of-mass energy by 10%
(i.e. to
√
s = 550 GeV) enhances the cross section
by a factor of four and the precision on the Yukawa
coupling by a factor two, for the same integrated lu-
minosity [88].
We base our projection for 1 TeV operation on the
analysis of Ref. [84] of tt¯H production followed by
H → bb¯ decay. The expected uncertainty on the tt¯H
cross section for an integrated luminosity of 8 ab−1
is of 3.2%, obtained by scaling the signal and back-
ground yields with a flat luminosity factor.
To match the statistical precision, the system-
atic uncertainties must be controlled to a challeng-
ing level. At 1 TeV the signal efficiency and back-
ground yield must be known to approximately 1%,
which seems feasible with data-driven estimation in
control regions. The theory uncertainty in the cross
section at
√
s = 1 TeV must be reduced to the level of
1-2%, a factor two with respect to currently available
calculations [89]. On the other hand, it is likely that
the analysis can be further improved, by reoptimiz-
ing the selection, with the inclusion of other Higgs
decay channels and of the τ -lepton plus jets final
state. Significant additional improvements are pos-
sible with improved jet clustering algorithms and the
use of kinematic fits.
6.5. Summary of results
In Table 4, we present the individual and marginal-
ized 68% probability bounds on Ctϕ/Λ2 from the fits
to LEP/SLC+LHC data and to the future collider
scenarios. For comparison to the literature, the same
results are also provided in terms of the precision with
which the Yukawa coupling can be extracted, using
the simple relation:
δyt = −Ctϕv
2
Λ2 . (5)
The results of the first four columns correspond to the
ten-parameter fit that we used to obtain the results of
Figure 4. The results for the scenario with ILC runs
at two different center-of-mass energies in the last
column were obtained with the extended seventeen-
parameter fit presented in subsection 5.5.
Before turning to a discussion of the global fit re-
sults, we compare the individual limits to the liter-
ature. The HL-LHC result in Table 4 agrees with
the HL-LHC projection of Ref. [66]. The ILC results
at 500 GeV agree —by construction— with the sum-
mary of the Higgs/EW group for the 2020 update of
the European strategy for particle physics in Ref. [90].
The results for operation at 550 GeV and 1 TeV ex-
tend the study to higher energy.
We find that in nearly all cases the individual and
marginalized results agree very closely. This implies
that the operators that modify the top-quark EW
couplings do not affect the extraction of the top-quark
Yukawa coupling.
In the LHC and HL-LHC fits, despite the rela-
tively poor constraints on the EW couplings of the
top quark, the bounds on Ctϕ/Λ2 are not affected
by the presence of the additional degrees of freedom.
In this case, it is important to note, however, that
the operators that affect the QCD interactions of the
top quark, such as CtG/Λ2 and four-fermion operators
of the form qq¯tt¯, are not included in the fit. These
can in principle be constrained using precise measure-
ments of the differential tt¯ cross section. A recent
global fit of the top-quark sector on LHC data [20]
finds, however, that the marginalized limit on Ctϕ is
approximately a factor 10 weaker than the individ-
ual limit, due to strong correlations between opera-
tor coefficients. The addition of Tevatron results or
future differential measurements could help reducing
this degeneracy. It is nevertheless likely that a com-
bination of pp → t t¯ and pp → t t¯X measurements
could be needed to constrain simultaneously all qq¯tt¯
operators. In this respect, the extraction of the top-
quark Yukawa coupling at future lepton colliders so
far seems more robust.
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scenario LHC Run 2 HL-LHC S2 ILC500 ILC550 ILC500
+LEP/SLC +LEP/SLC +ILC1000√
s,
∫ L 13TeV, 36 fb−1 14TeV, 3 ab−1 500 GeV, 4 ab−1 550 GeV, 4 ab−1 +1 TeV, +8 ab−1
68% probability interval for effective operator coefficient Ctϕ/Λ2 [TeV−2]
individual [−4.4,+0.0] [−0.55,+0.55] [−1.06,+1.06] [−0.50, 0.50] [−0.27,+0.27]
marginalized [−4.6,−0.2] [−0.55,+0.55] [−1.07,+1.07] [−0.52,+0.52] [−0.32,+0.32]
corresponding relative uncertainty on top-quark Yukawa coupling ∆yt/yt [%]
individual 13.2 3.3 6.4 3.0 1.62
marginalized 13.2 3.3 6.4 3.1 1.96
Table 4: The 68% probability intervals for Ctϕ/Λ2 and the corresponding precision on the top-quark Yukawa coupling. The
results of the first four columns correspond to the ten-parameter fit that we used to obtain the results of Figure 4. The results
for the scenario with ILC runs at two different center-of-mass energies in the last column were obtained with the extended
seventeen-parameter fit presented in subsection 5.5.
At a future e+e− collider, we indeed find that the
contamination of both four-fermion and two-fermion
operators in e−e+ → tt¯H is limited due to the very
tight constraints on these coefficients deriving from
e−e+ → t t¯ production. Even in the most challenging
case, the ILC scenario at 1 TeV with a precision on the
top-quark Yukawa coupling of 1.6% and sixteen com-
peting operator coefficients, the marginalized bound
is only about 20% weaker than the individual bound.
The extraction of the top-quark Yukawa is then very
clean in this case. We also note that the measure-
ment of e−e+ → tt¯H in addition to e−e+ → t t¯ does
not improve significantly the constraints on operators
other than the top-quark Yukawa one. Only a 14%
improvement is observed on CtW .
The results in Table 4 demonstrate that the bounds
on the Wilson coefficient Ctϕ/Λ2 that shifts the top-
quark Yukawa coupling from measurements of the
tt¯H production are robust in the presence of the oper-
ators that affect the top and bottom-quark EW cou-
plings. A precise measurement of this rate is there-
fore an ideal complement to more indirect bounds
from gg → H production and H → γγ, H → gg and
H → Zγ decay.
7. Conclusions
We have performed a fit to existing data of the
dimension-six two-fermion operator coefficients af-
fecting the electro-weak couplings of the bottom and
top quarks. We combine LEP/SLC data on bottom-
quark production at the Z pole with LHC data on
top-quark pair production in association with bosons,
on single top-quark production and on W -boson he-
licity fraction in top-quark decay.
The results of the fit are given in Table 2. All 68%
probability intervals include the Standard Model pre-
diction. The bound is well below 1 TeV−2 for the
coefficient of the top-quark electro-weak dipole oper-
ator CtW /Λ2 that is constrained by charged-current
interactions. Very tight bounds are also obtained for
the coefficients C1ϕQ/Λ2 and C3ϕQ/Λ2 that modify the
left-handed couplings of the bottom and top quark to
the Z boson. The combination of LHC data with that
of LEP and SLC is very powerful to disentangle these
operator coefficients that affect both top and bottom-
quark physics. We are therefore able to present the
tightest constraints on these operators to date.
The LHC has limited sensitivity to the operator
that modifies the right-handed coupling of the top
quark to the Z boson and coefficients of order 101 are
still allowed. The same is true for the electro-weak
dipole operators CtB/Λ2 and CbB/Λ2. For some oper-
ator coefficients, we moreover note that the fit results
depend strongly on the presence of the terms propor-
tional to Λ−4 (due to the contribution of dimension-
six operators squared). Care is therefore required to
re-interpret these bounds in terms of concrete exten-
sions of the Standard Model.
We assess the potential of future measurements to
improve the current bounds. The main result is pre-
sented in Figure 4. The remaining LHC program, in-
cluding the high-luminosity phase, can sharpen most
bounds by a factor two to three, provided the uncer-
tainties on the Standard Model predictions are im-
proved by a factor two and experimental systematics
evolve with luminosity in the same way as the sta-
tistical uncertainties. An electron-positron collider
with a center-of-mass energy that exceeds the top-
quark pair production threshold, can greatly improve
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the bounds. The nominal ILC operating scenario [72]
with runs at
√
s = 250 GeV and 500 GeV is expected
to improve on the HL-LHC bounds by one or two
orders of magnitude.
The precision measurements at a future lepton col-
lider also reduce the importance of terms of order
Λ−4 and brings the EFT expansion into the regime
where the bounds are valid in full generality. Finally,
we show that with a further run at higher energy the
ILC can constrain the coefficients of the four-fermion
operators that are not included in our baseline fit.
Finally, we present prospects for the extraction of
the top-quark Yukawa coupling from the associated
production processes pp → tt¯H and e+e− → tt¯H in
Table 4. The current precision of order 10% is ex-
pected to improve by more than a factor three in the
HL-LHC S2 scenario. The ILC can achieve a similar
precision when operated at 550 GeV and can exceed
this precision by a further factor two for a 1 TeV en-
ergy upgrade with 8 ab−1. These results are found
to be robust in a multi-parameter fit that includes
the degrees of freedom corresponding to operators
that modify the EW couplings of the bottom and top
quark. They may however not be robust against the
inclusion of qq¯tt¯ operators [20] that are not consid-
ered in this work. For BSM scenarios in which such
operators are relevant, it remains to be demonstrated
that their impact on pp → tt¯H can be controlled to
a sufficient level with other measurements.
The electro-weak couplings of the third-generation
quarks form one of the uncharted corners of the Stan-
dard Model. These couplings are a sensitive probe of
broad classes of extensions of the Standard Model. It
is therefore very exciting to see meaningful bounds
in a multi-parameter fit on LEP/SLC and LHC data.
Further progress at the LHC, and especially at a fu-
ture electron-positron collider can probe subtle con-
tributions from physics beyond the Standard Model
at scales well beyond the direct reach of the collider.
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A. Observables parameterization
In this appendix we show the diferent parameterizations of the observables we have used along this work. The details of these calculations
are explained in subsection 2.3.
A.1. LHC @13TeV
σtt¯Z [pb] = 0.59+
(1TeV
Λ
)2

Cϕt
C3ϕQ
C1ϕQ
CtW
CtB
CbW
Cϕtb

T 
0.041
−0.066
0.066
0.00068
0.00024
·
·

+
(1TeV
Λ
)4

Cϕt
C3ϕQ
C1ϕQ
CtW
CtB
CbW
Cϕtb

T 
0.0024 0.0018 0.0018 · · · ·
· 0.005 · 0.0001 −0.0001 · ·
· · 0.005 −0.0001 0.0001 · ·
· · · 0.018 −0.01 · ·
· · · · 0.0016 · ·
· · · · · 0.002 ·
· · · · · · 0.0003


Cϕt
C3ϕQ
C1ϕQ
CtW
CtB
CbW
Cϕtb

(6)
σtt¯γ [pb] = 2.18 +
(1TeV
Λ
)2
C3ϕQ
CtW
CtB
CbW

T  0.00340.015
0.015
+ (1TeVΛ
)4
C3ϕQ
CtW
CtB
CbW

T 
0.0004 · · ·
· 0.007 0.014 ·
· · 0.007 ·
· · · 0.001


C3ϕQ
CtW
CtB
CbW
 (7)
σtt¯H [pb] = 0.4 +
(1TeV
Λ
)2

C3ϕQ
CtW
CtB
Ctϕ
CbW

T 
0.0002
0.0007
0.00014
−0.049
·
+
(1TeV
Λ
)4

C3ϕQ
CtW
CtB
Ctϕ
CbW

T 
· · · · ·
· 0.00067 · · ·
· · · · ·
· · · 0.0015 ·
· · · · 0.0001


C3ϕQ
CtW
CtB
Ctϕ
CbW
 (8)
σtt¯W [pb] = 0.35 +
(1TeV
Λ
)2
Cϕt
C3ϕQ
C1ϕQ
CtW

T 
−0.00013
0.00036
−0.0003
0.0027
+
(1TeV
Λ
)4
Cϕt
C3ϕQ
C1ϕQ
CtW

T 
· · · ·
· · 0.00012 ·
· · · −0.00011
· · · 0.032


Cϕt
C3ϕQ
C1ϕQ
CtW
 (9)
σtq[pb] = 44 +
(1TeV
Λ
)2
C3ϕQ
CtW
CbW
Cϕtb

T 
5.26
1.52
·
·
+
(1TeV
Λ
)4
C3ϕQ
CtW
CbW
Cϕtb

T 
0.16 0.1 · ·
· 0.31 · ·
· · 0.19 −0.012
· · · 0.019


C3ϕQ
CtW
CbW
Cϕtb
 (10)
σtW [pb] = 13.5 +
(1TeV
Λ
)2
C3ϕQ
CtW
CbW
Cϕtb

T 
1.61
−0.74
·
·
+
(1TeV
Λ
)4
C3ϕQ
CtW
CbW
Cϕtb

T 
0.05 −0.046 · ·
· 0.135 · ·
· · 0.14 −0.022
· · · 0.017


C3ϕQ
CtW
CbW
Cϕtb
 (11)
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σZtq[pb] = 0.48+
(1TeV
Λ
)2

Cϕt
C3ϕQ
C1ϕQ
CtW
Cϕb
CbW
CbB
Cϕtb

T 
0.0029
0.092
0.01
0.007
−0.0003
·
·
·

+
(1TeV
Λ
)4

Cϕt
C3ϕQ
C1ϕQ
CtW
Cϕb
CbW
CbB
Cϕtb

T 
· 0.0005 −0.0005 · · · · ·
· 0.014 0.0017 0.001 · −0.0002 · ·
· · 0.001 0.0003 · · · ·
· · · 0.016 · · · ·
· · · · · −0.0002 · ·
· · · · · 0.012 · ·
· · · · · · 0.003 ·
· · · · · · · 0.002


Cϕt
C3ϕQ
C1ϕQ
CtW
Cϕb
CbW
CbB
Cϕtb

(12)
A.2. t→W+b
F0 = 0.699− 0.04 · CtW
(1TeV
Λ
)2
+ 0.0025 · C2tW
(1TeV
Λ
)4
(13)
FL = 0.301 + 0.04 · CtW
(1TeV
Λ
)2
− 0.0025 · C2tW
(1TeV
Λ
)4
(14)
A.3. LEP/SLC @91GeV
Rb = 0.21629 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB

T 
0.023
0.023
−0.005
·
0.0007
+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB

T 
· · · · ·
· · · · ·
· · · · ·
· · · 0.0008 0.0003
· · · · ·


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
 (15)
AbbFBLR = 0.66 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB

T 
0.008
0.008
0.034
·
·
+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB

T 
· · · · ·
· · · · ·
· · · · 0.0007
· · · 0.0023 0.0015
· · · · 0.0002


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
 (16)
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A.4. e−e+ → bb¯
σ−+,250[pb] = 3.29 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
0.31
0.31
0.05
·
·
0.091
−0.064
0.71
3.77

+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · 0.12 −0.057 · · · ·
· · · · 0.010 · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

(17)
σ+−,250[pb] = 1.02 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
0.094
0.094
−0.11
·
·
1.61
−1.08
0.04
0.23

+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · 0.008 0.005 · · · ·
· · · · 0.038 · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

(18)
σ−+,500[pb] = 0.72 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
0.064
0.064
0.012
·
·
0.095
−0.05
0.76
3.5

+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · 0.10 −0.058 · · · ·
· · · · 0.010 · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

(19)
20
σ+−,500[pb] = 0.22 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
0.02
0.02
−0.024
·
·
1.56
−0.84
0.046
0.2

+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · 0.006 −0.002 · · · ·
· · · · 0.036 · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

(20)
σ−+,1000[pb] = 0.174 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
0.015
0.015
0.003
·
·
0.093
−0.048
0.77
3.44

+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · 0.098 −0.058 · · · ·
· · · · 0.011 · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

(21)
σ+−,1000[pb] = 0.052 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
0.004
0.004
−0.006
·
·
1.55
−0.79
0.046
0.21

+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · 0.006 −0.003 · · · ·
· · · · 0.035 · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

(22)
21
AFB−+,250[%] = 69.6 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
0.3
0.3
−2.2
·
·
1.8
3.8
−29.5
8.57

+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · −2.2 1.02 · · · ·
· · · · −0.16 · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

(23)
AFB+−,250[%] = 35.9 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
−7.7
−7.7
−4.5
·
·
62
119
−4.6
7.9

+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · −0.10 −0.14 · · · ·
· · · · −0.95 · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

(24)
AFB−+,500[%] = 67.7 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
0.2
0.2
−2.3
·
·
1.2
8
−139
40.3

+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · −5.8 3.09 · · · ·
· · · · −0.47 · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

(25)
22
AFB+−,500[%] = 46.7 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
−7
−7
−3.5
·
·
219
380
−26.6
28.4

+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · −0.67 0.09 · · · ·
· · · · −2.8 · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

(26)
AFB−+,1000[%] = 57 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
0.48
0.48
−2.7
·
·
3.4
37.4
−593
145

+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · −10 4.83 · · · ·
· · · · −0.7 · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

(27)
AFB+−,1000[%] = 34.6 +
(1TeV
Λ
)2

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
−6.8
−6.8
−3.6
·
·
826
1611
−120
6.5

+
(1TeV
Λ
)4

C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

T 
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · −1.34 0.1 · · · ·
· · · · −3.35 · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·
· · · · · · · · ·


C3ϕQ
C1ϕQ
Cϕb
CbW
CbB
Ced
Ceq
Cld
C+lq

(28)
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A.5. e−e+ → tt¯H
Pol.
√
s [GeV] SM Cϕt C−ϕQ CtW CtB Ctϕ C
−
lq Clu Ceq Ceu
-+ 500 0.49 -0.026 -0.028 0.44 0.13 -0.063 -1.5 -1.4 -0.06 -0.04
+- 500 0.23 -0.015 0.014 0.016 0.18 -0.03 -0.09 -0.09 -0.94 -0.98
-+ 550 1.9 -0.1 -0.1 1.8 0.56 -0.23 -7.12 -6.56 -0.24 -0.3
+- 550 0.91 0.059 0.049 0.073 0.73 -0.11 -0.39 -0.42 -4.2 -4.7
-+ 1000 3.37 -0.11 -0.21 4.37 1.39 -0.39 -43 -29.5 -1.05 -1.7
+- 1000 1.75 0.12 0.049 0.22 1.8 -0.2 -2.3 -1.77 -18.1 -29.9
Table 5: Linear dependence of the cross-section [pb] for the process e−e+ → tt¯H. P
(
e−, e+
)
= (−0.8,+0.3) is noted as -+, and
P
(
e−, e+
)
= (+0.8,−0.3) is noted as +-.
B. Conversion to LHC TOP WG EFT conventions
The conversion between our conventions for top-quark operator coefficients and the LHC TOPWG standards
of Ref. [21] is the following:
cϕt
c3ϕQ
c−ϕQ
ctW
ctZ
ctϕ
cϕtb
c
(1)
Qe
c
(1)
tl
c
(1)
te
c
−(1)
Ql

=

y2t 0 0 0 0 0 0 0 0 0 0
0 y2t 0 0 0 0 0 0 0 0 0
0 −y2t y2t 0 0 0 0 0 0 0 0
0 0 0 ytgW 0 0 0 0 0 0 0
0 0 0 ytgW cW −ytgY sW 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 −y2t 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 1


Cϕt
C3ϕQ
C1ϕQ
CtW
CtB
Ctϕ
Cϕtb
Ceu
Ceq
Clu
C−lq

. (29)
No standard have been established for the bottom-quark operator coefficients Cϕb, CbW , CbB, Ced, Ceq, Cld,
C+lq
C. Covariance matrices
C.1. Present constraints
Figure 5 shows the projection of the fit posterior on planes formed by each pair of operator coefficient
(top-quark Yukawa excluded) for section 4 analysis of LEP/SLC and LHC Run 2 data. The associated mean
values,uncertainties and correlation matrices, for (Cϕt, C3ϕQ, C1ϕQ, CtW , CtB, Ctϕ, Cϕb, CbW , CbB, Cϕtb)/Λ2 in
units of TeV−2, are the following:
mean values =
(
1.4 0.018 0.018 −0.1 4.6 −2.4 −0.104 0.75 −0.25 −1.7
)
uncertainties =
(
6.8 0.75 1.4 0.3 6.2 2.2 2.8 2.4 19 5.4
)
corr =

1 −0.071 0.087 −0.0068−0.0056 0.0014 0.079 −0.0071 0.041 0.0031
−0.071 1 −0.056 0.068 −0.017 0.00054 0.25 0.14 0.12 0.00098
0.087 −0.056 1 −0.0039 0.012 −0.0014 0.9 0.34 0.47 0.014
−0.00068 0.068 −0.0039 1 0.023 0.0018 0.026 0.0015 0.018 0.00045
−0.0056 −0.017 0.012 0.023 1 0.0047 0.004 0.0033 0.0051 0.0014
0.0014 0.00054−0.0014 0.0018 0.0047 1 0.0013 0 0.0016−0.0018
0.079 0.25 0.9 0.026 0.004 −0.0013 1 0.31 0.6 0.0094
−0.0071 0.14 0.34 0.0015 0.0033 0 0.31 1 0.26 0.1
0.041 0.12 0.47 0.018 0.0051 0.0016 0.6 0.26 1 0.014
0.0031 0.00098 0.014 0.00045 0.0014 −0.0018 0.0094 0.1 0.014 1

(30)
Note that non-Gaussianities imply that the above information only permits an approximate reconstruction
of the posterior probability.
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Figure 5: Allowed regions after the fit to the LHC and LEP/SLC measurements in Table 1. The 68% and 95% probability regions
are shown for each pair of the ten effective operator coefficients that affect the electro-weak interactions of the top and bottom
quarks. The top-quark Yukawa operator is marginalized over. All Wilson coefficients are in units of TeV−2.
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C.2. Future prospects
We provide here the uncertainties and correlation matrices of section 5 study of future prospects (summarized in Figure 4) on
(Cϕt, C3ϕQ, C1ϕQ, CtW , CtB, Ctϕ, Cϕb, CbW , CbB, Cϕtb)/Λ2 operator coefficients in units of TeV−2.
C.2.1. LEP/SLC + LHC Run2
uncertainties =
(
6.8 0.72 0.96 0.32 5.2 2.1 1.4 2.2 14 4.8
)
corr =

1 −0.14 0.15 −0.012 −0.0021 −0.00082 0.09 0.016 0.055 0
−0.14 1 −0.32 0.056 −0.036 0.0045 0.23 0.067 0.062 0.0015
0.15 −0.32 1 −0.027 0.02 0.032 0.78 0.26 0.35 −0.0036
−0.012 0.056 −0.027 1 −0.0076 0.002 0.011 −0.011 0.0054 −0.0024
−0.0021 −0.036 0.02 −0.0076 1 −0.0029 −0.00097 0.0062 0.0023 0.00028
−0.00082 0.0045 0.032 0.002 −0.0029 1 0.028 −0.0068−0.0032 0.00089
0.09 0.23 0.78 0.011 −0.00097 0.028 1 0.29 0.53 −0.0037
0.016 0.067 0.26 −0.011 0.0062 −0.0068 0.29 1 0.22 0.02
0.055 0.062 0.35 0.0054 0.0023 −0.0032 0.53 0.22 1 −0.0043
0 0.0015 −0.0036−0.0024 0.00028 0.00089 −0.0037 0.02 −0.0043 1

(31)
These values differ slightly from those of Equation 30 since all measurements have here been assumed to reproduce the SM prediction.
C.2.2. LEP/SLC + LHC S1
uncertainties =
(
6.3 0.63 0.71 0.26 4.8 2 0.99 1.9 12 4.2
)
corr =

1 −0.19 0.19 −0.013 −0.0046 −0.0019 0.071 0.011 0.031 0.0021
−0.19 1 −0.48 0.048 −0.038 −0.00027 0.26 0.077 0.079 0.0047
0.19 −0.48 1 −0.024 0.042 0.001 0.65 0.21 0.24 −0.014
−0.013 0.048 −0.024 1 −0.0055 0.0061 0.019 −0.00031 0.00055 0.0017
−0.0046 −0.038 0.042 −0.0055 1 0.0075 0.012 −0.00032 0.00058 0.0026
−0.0019−0.00027 0.001 0.0061 0.0075 1 0.0064 0.0025 0.01 0.00042
0.071 0.26 0.65 0.019 0.012 0.0064 1 0.29 0.48 −0.012
0.011 0.077 0.21 −0.00031−0.00032 0.0025 0.29 1 0.21 −0.0046
0.031 0.079 0.24 0.00055 0.00058 0.01 0.48 0.21 1 −0.017
0.0021 0.0047 −0.014 0.0017 0.0026 0.00042 −0.012 −0.0046 −0.017 1

(32)
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C.2.3. LEP/SLC + LHC S2
uncertainties =
(
2.7 0.17 0.3 0.06 3.8 0.54 0.6 1.4 8.2 3
)
corr =

1 −0.083 0.26 −0.023 −0.049 −0.0024 0.27 0.012 0.067 0.0073
−0.083 1 −0.4 −0.031 −0.0086 −0.0009 0.046 0.0073 −0.021 −0.00016
0.26 −0.4 1 0.0046 −0.0096 −0.0055 0.8 0.15 0.16 0.0025
−0.023 −0.031 0.0046 1 −0.03 −0.00047 0.00029 −0.0011 0.0019 −0.0015
−0.049 −0.0086 −0.0096 −0.03 1 0.018 −0.02 0.0037 −0.0065−0.00064
−0.0024 −0.0009 −0.0055−0.00047 0.018 1 −0.0056 0.0035 0.0017 −0.0027
0.27 0.046 0.8 0.00029 −0.02 −0.0056 1 0.17 0.27 0.0028
0.012 0.0073 0.15 −0.0011 0.0037 0.0035 0.17 1 0.11 0.022
0.067 −0.021 0.16 0.0019 −0.0065 −0.0017 0.27 0.11 1 0.012
0.0073 −0.00016 0.0025 −0.0015 −0.00064 −0.0027 0.0028 0.022 0.012 1

(33)
C.2.4. LEP/SLC + LHC S2 + ILC250
uncertainties =
(
1.7 0.15 0.15 0.06 3.8 0.54 0.016 0.17 0.24 3
)
corr =

1 0.18 −0.18 −0.045 0.024 −0.0034 −0.0016 0.0028 −0.0029 0.0071
0.18 1 −1 −0.031 −0.013 −0.0056 −0.025 −0.0038 −0.0013 −0.01
−0.18 −1 1 0.031 0.013 0.0056 −0.0099 0.0035 0.00081 0.01
−0.045 −0.031 0.031 1 −0.034 −0.0011 −0.00067 0.0064 0.0083 −0.0042
0.024 −0.013 0.013 −0.034 1 0.017 0.0012 −0.0015 0.0025 −0.0059
−0.0034−0.0056 0.0056 −0.0011 0.017 1 −0.00097 0.00079 −0.00014 −0.0013
−0.0016 −0.025 −0.0099−0.00067 0.0012 −0.00097 1 0.012 0.0098 0.0034
0.0028 −0.0038 0.0035 0.0064 −0.0015 0.00079 0.012 1 0.3 0.001
−0.0029−0.0013 0.00081 0.0083 0.0025 −0.00014 0.0098 0.3 1 −0.00071
0.0071 −0.01 0.01 −0.0042 −0.0059 −0.0013 0.0034 0.001 −0.00071 1

(34)
C.2.5. LEP/SLC + LHC S2 + ILC250 + ILC500
uncertainties =
(
0.01 0.0054 0.0054 0.02 0.019 0.54 0.0068 0.088 0.12 1.8
)
corr =

1 −0.74 0.74 0.93 −0.9 0.00045 −0.0019 −0.0012 0.00058 0.0011
−0.74 1 −0.72 −0.87 0.86 0.0014 0.065 0.0014 0.0003 −0.0014
0.74 −0.72 1 0.87 −0.86 0.00058 0.06 0.00016 0.0022 −0.00049
0.93 −0.87 0.87 1 −0.97 0.00024 −0.0022−0.00059 0.0012 0.00084
−0.9 0.86 −0.86 −0.97 1 1.8× 10−5 0.0025 0.00039 −0.00094−0.00097
0.00045 0.0014 0.00058 0.00024 1.8× 10−5 1 0.0018 −0.00016 −0.0012 −0.00036
−0.0019 0.065 0.06 −0.0022 0.0025 0.0018 1 −0.0017 −0.0061 −0.0027
−0.0012 0.0014 0.00016 −0.00059 0.00039 −0.00016 −0.0017 1 0.38 0.0067
0.00058 0.0003 0.0022 0.0012 −0.00094 −0.0012 −0.0061 0.38 1 0.0039
0.0011 −0.0014−0.00049 0.00084 −0.00097 −0.00036 −0.0027 0.0067 0.0039 1

(35)
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C.2.6. LEP/SLC + LHC S2 + ILC250 + ILC500 + ILC1000
The study of subsection 5.5 leads to the following uncertainties and correlation matrix on
(Cϕt, C3ϕQ, C1ϕQ, CtW , CtB, Ctϕ, Cϕb, CbW , CbB, Cϕtb, Ced, Ceq, Cld, C+lq , Ceu, Clu, C
−
lq )/Λ2 operator coefficients in units of TeV
−2:
uncertainties =
(
0.088 0.04 0.04 0.014 0.015 0.9 0.008 0.17 0.17 1.9 0.0005 0.0004 0.0009 0.0005 0.0006 0.0006 0.0006
)
corr =

1 −0.27 0.27 0.0014 −0.0033 0.0021 −0.0038 −0.0017 0.0034 −0.0021 0.0096 −0.0038 0.0046 0.0055 −0.00077 0.0045 −0.0018
−0.27 1 −0.99 −0.0049 0.0062 7.2× 10−5 0.025 0.0013 −0.0013 0.0029 0.016 0.015 0.0044 −0.0048 −0.0037 −0.0037 0.0019
0.27 −0.99 1 0.0051 −0.0065 0 0.013 −0.0023 0.00059 −0.003 0.039 0.015 0.008 −0.0016 0.0022 0.0035 −0.0023
0.0014 −0.0049 0.0051 1 −0.84 −0.0015 −0.0014 −0.0028 −0.00056 0 0.0018 −0.0027 0.0023 0.0018 −0.001 −0.00013−0.00083
0.0033 0.0062 −0.0065 −0.84 1 0.0029 −0.00027 0.0023 −0.0017 0.00039 −0.0012 0.0022 −0.00084 −0.0023 −0.00098 0.00042 0.00036
0.0021 7.2× 10−5 0 −0.0015 0.0029 1 0.0011 −0.00067 0.0032 0.0019 −0.00022 −0.0014 −0.0023 −0.0026 0.00078 0.00022 −0.0032
−0.0038 0.025 0.013 −0.0014 −0.00027 0.0011 1 −0.0013 −0.0024 −0.0018 0.15 −0.11 0.018 0.0062 0.0033 0.0042 0.00041
−0.0017 0.0013 −0.0023 −0.0028 0.0023 −0.00067 −0.0013 1 0.24 0.0056 −0.0032 0.0012 0.0032 0.0092 0.00065 0.0038 0.00096
0.0034 −0.0013 0.00059 −0.00056 −0.0017 0.0032 −0.0024 0.24 1 0.0013 −0.015 0.0074 −0.0092 −0.0064 0.003 −0.0042 0.01
−0.0021 0.0029 −0.003 0 0.00039 0.0019 −0.0018 0.0056 0.0013 1 0.00079 −0.00045 0.00088 −0.00068 0.0036 0.00031 −0.00053
0.0096 0.016 0.039 0.0018 −0.0012 −0.00022 0.15 −0.0032 −0.015 0.00079 1 −0.38 0.045 −0.021 0.013 −0.001 −0.0016
−0.0038 0.015 0.015 −0.0027 0.0022 −0.0014 −0.11 0.0012 0.0074 −0.00045 −0.38 1 0.083 0.0027 −0.04 −0.0022 0.00048
0.0046 0.0044 0.008 0.0023 −0.00084 −0.0023 0.018 0.0032 −0.0092 0.00088 0.045 0.083 1 0.61 0.00097 −0.0012 −0.0026
0.0055 −0.0048 −0.0016 0.0018 −0.0023 −0.0026 0.0062 0.0092 −0.0064 −0.00068 −0.021 0.0027 0.61 1 0.0052 −0.0033 −0.0021
−0.00077 −0.0037 0.0022 −0.001 −0.00098 0.00078 0.0033 0.00065 0.003 0.0036 0.013 −0.04 0.00097 0.0052 1 −0.0035 0.0052
0.0045 −0.0037 0.0035 −0.00013 0.00042 0.00022 0.0042 0.0038 −0.0042 0.00031 −0.001 −0.0022 −0.0012 −0.0033 −0.0035 1 −0.18
−0.0018 0.0019 0.0023 −0.00083 0.00036 −0.0032 0.00041 0.00096 0.01 −0.00053 −0.0016 0.00048 −0.0026 −0.0021 0.0052 −0.18 1

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